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1 Introduction 
The first successful modern optical fibers were drawn in 1956 [1]. The design and 
fabrication process was improved through the seventies and eighties [2] to create an 
attractive transmission medium for the telecommunication industry. The fiber offered 
tens of terahertzs of available transmission bandwidth combined with a loss smaller 
than 0.2 dB/km. These values were not only completely unheard of using any other 
type of transmission technology, but also provided such a data carrying capacity that 
simply was not found of use at the time. However, the global breakthrough of the 
Internet in the 90s changed the telecommunications bandwidth requirements 
permanently. Since then, no other transmission medium has been a serious contender 
for the use of long-haul telecommunications. 
The dense wavelength division multiplexing (DWDM) technology is typically used to 
better exploit the data-carrying bandwidth of optical fibers [3]. The close proximity 
and high number of transmitting wavelengths calls for inexpensive, yet accurate 
means to position and monitor the channel wavelengths. The absorption lines of gases 
have traditionally been used as wavelength references in the optical wavelength range 
of the electro-magnetic radiation ever since their discovery by Wollaston in 1802 [4]. 
The spectral locations of the discrete lines are stable and absolute by nature and have 
only minor dependence on factors like temperature and pressure. This makes them 
ideal primary references to calibrate the continuously tunable secondary references, 
such as Fabry-Perot resonators [5], or gratings. Freely selectable wavelengths are 
needed to reference DWDM transmission channels as molecular absorption lines 
rarely coincide with the equidistant telecommunications channels. 
The development of photonic crystal fibers (PCFs) and devices based on them 
generated a whole new branch of optics in the late nineties [6]. These fibers have a 
cross-sectional structure consisting of periodic air holes running along the whole 
length of the fiber. Thus, the fibers are also referred to as microstructured fibers or 
holey fibers. Photonic crystal fibers can have a very tight confinement of light in to 
the fiber core and have therefore mainly found use in optical devices based on 
nonlinear effects, such as nonlinear switching [7, 8] and supercontinuum generation 
[9-12].  An interesting special class of PCFs is the photonic bandgap fibers (PBFs). 
These fibers have an air core that is surrounded by higher index air-silica 
microstructure that provides guiding of light based on the bandgap effect [13]. 
Photonic bandgap fibers can guide over 95% of the power in the air regions of the 
fiber. This makes these fibers interesting for the infiltration of gases in to the 
capillaries for effective guided interaction over a long length. This provides means to 
build very simple and compact absorption cells that previously have been realized 
using cumbersome multiple reflection cells or resonator structures. Oils, dyes and 
liquid crystals have also been successfully infiltrated in to these fibers to demonstrate 
numerous novel all-optical device concepts [14-17]. 
With the huge bandwidth offered by standard telecommunications fibers, the 
modulation rates of fiber-optic transmission systems keep increasing to levels where 
the performance of sending and receiving electronics begin to struggle. This makes 
the all optical, or even all-fiber telecommunication components very attractive. The 
added benefit of all-optical components is the possibility of parallel processing all the 
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wavelength division multiplexed channels with one component and in one single 
fiber. The Erbium-doped fiber amplifier (EDFA) is perhaps the most celebrated such 
device optically amplifying all channels simultaneously. In a similar fashion, passive 
all-optical devices have been suggested for the clock recovery (CR) in optical 
telecommunications receivers [18, 19]. 
The first part of the thesis describes novel means to reference and measure the 
wavelength range used in optical telecommunications. First, a Fabry-Perot etalon 
based measurement artifact is presented [P1]. The etalon used is a solid silicon etalon 
with high resolution temperature tuning. The device is calibrated to molecular 
absorption lines of acetylene for consistent accuracy. Two applications are presented 
for the etalon. The device can function as a tunable wavelength reference for 
calibrating optical instruments or referencing optical telecommunications channels. 
Subsequently, the reference was combined with a novel sampling scheme utilizing 
low frequency pilot tones to measure the wavelengths and power levels of DWDM 
channels directly from the optical multiplex [P2]. Furthermore, molecular 
spectroscopy is discussed from the viewpoint of its utilization for WDM channel 
referencing. The suitable gases are covered with an extra focus on the properties of 
acetylene. The concept of using gas filled PBFs for building sensitive all-fiber 
reference artifacts is presented [P3, P4]. 
The second part of the thesis discusses the development of novel all-fiber 
components. A realized all-optical switch based on LC-filled PBF is presented 
making use of a transverse aligning geometry [P5]. Subsequently, new means to 
extract the clock signal all-optically from the WDM signal are presented [P6, P7]. 
The method is based on a high finesse fiber resonator with its birefringence tuned to 
the modulation frequency of the channel bit-rate to generate a beat signal equal to the 
clock frequency.  
 3 
2 WDM transmission technology 
2.1 Evolution of optical fiber 
The principle of guiding light using the phenomenon of total internal reflection (TIR) 
was first demonstrated in 1840s by Daniel Colladon, a young professor of physics at 
the University of Geneva. He launched light into a jet of water where it followed the 
curvilinear path of the water stream [20]. The experiment was spectacular and was 
reproduced by several people for decades, but eventually only found decorative use. 
Later in 1880, hollow tubes with reflective inner surfaces were utilized in an 
experiment where light was distributed to locations throughout a building from a 
single intense light source in the basement [21]. The experiment was not completely 
successful as the mirror surface absorbed too much of the light. The end result was 
the same as for silica fibers for which attempts were made for a long time to improve 
the performance by using a reflective silver layer on top of the silica glass. The 
smaller the fiber diameter was, the higher the attenuation became as the number of 
reflections per unit length increased.  
It was much later after the Second World War when the principle of TIR was again 
adopted as the most effective means of making optical fiber waveguides. The role of 
lower index cladding, however, was mostly realized by the use of just air or 
cumbersome oils or waxes. The first modern type fibers with a doped core and silica 
cladding were drawn in 1956 by L. E. Curtiss et al., who were developing optical 
fibers for medical imaging purposes, e.g. for gastroscopes, and ureterscopes [1], that 
relied on a bunch of fibers for image transmission.  
In 1965, Kao and Hockham suggested that the attenuation of contemporary silica 
fibers was caused by remaining unwanted impurities in the fiber material, rather than 
more fundamental effects like scattering or molecular absorption. They presented 
optical fiber as a practical medium for telecommunication if the attenuation could be 
reduced to below 20 dB/km [22]. Extensive research was carried out at the Corning 
Glass Works soon after that. First they beat the 20 dB/km barrier and then further 
improved the performance by replacing TiO2 as the core dopant with Germanium 
which is used even today. More importantly the physics behind the material 
absorbtion of the fiber was now understood with the most important effects being 
Rayleigh scattering and OH-absorption [23, 24]. 
The achieved attenuation levels of silica fibers rapidly reached the level of ~ 0.2 
dB/km at 1.55 µm [2]. This is close to the fundamental minimum level of loss in 
silica fibers limited by Rayleigh scattering in the near-infrared region. However, even 
smaller losses of 0.07 dB/km have recently been achieved at wavelengths around 3 
µm where the effect of the λ-4–dependant Rayleigh scattering is smaller [25]. The 
fibers typically used in the mid-infrared region are ZBLAN fluoride fibers. 
The evolution and shape of the attenuation curve in optical silica fibers is presented in 
Fig 2-1. The wavelength region ranging from ~1460 nm to ~1625 nm around the 
wavelength of minimum attenuation is commmonly referred to as the third 
transmission window. This transmission band alone has over 20 THz of useable 
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bandwidth with an attenuation of ~0.2 dB/km and thus shows why fiber-optic 
telecommunication has been the chosen technology for long-haul transmission links 
for over two decades.   
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Figure 2-1 Evolution of the loss spectrum of single-mode fibers during the short period from 
1977 to 1980 (A-D) [2]. The drastic reduction of the hydroxyl ion (OH-) residues in 
the fiber leave a loss spectrum (D) that is governed by Rayleigh scattering up to 
1.55 µm after which infrared absorption becomes the dominant loss mechanism. 
 
In the mid 90’s a new type of fiber emerged, the so-called photonic crystal fibers 
(PCFs) [6, 26, 27]. These fibers have a cross-section consisting of an array of air 
holes running uniformly along the fiber length. The PCFs, also referred to as 
microstructured optical fibers, are all silica fibers with an undoped core. The 
effectively lower index of refraction outside the core is realised by the holey 
cladding. The original idea dates back to 1973 when the approach was considered as 
means to reduce the attenuation in telecommunication fibers by not needing to dope 
the fiber core [28]. The microstructured optical fibers can have a core much smaller 
than that of conventional fibers. Consequently, much higher light intensities can be 
achieved in the core region leading to non-linear effects with more moderate input 
peak laser powers. The most promising applications for microstructured optical fibers 
are supercontinuum generation [9-12] and  nonlinear pulse switching [7, 8]. 
Another class of PCFs are the photonic-bandgap fibers [13, 29]. These fibers have an 
air core which makes the guiding of light using TIR impossible. The confinement is 
realised by arranging the cladding air holes to create coherent scattering back to the 
core region. This effect can only happen for a limited wavelength range for a given 
fiber geometry, usually covering some tens of nanometers. The photonic-bandgap 
fibers have found use in trace-gas detection [30], molecular spectroscopy [P3, P4], 
and high power transmission [31]. 
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2.2 DWDM transmission grids 
The optical silica-fibers had over 20 THz of useable low-loss data transmission 
bandwidth already by year 1980. However, the fastest achievable electrical 
processing and modulation rates are in the gigahertz-range even with the 
contemporary technology. This drives the use of multiple optical carrier wavelengths 
to better use the fiber’s data transmission capacity. The existence of separate 
wavelength division multiplexed (WDM) optical channels also enabled the use and 
development of all-optical add/drop channel-filters.  
The concept of WDM dates back to 1970 according to first published reports [32] 
with fundamental research starting a few years later [33-35]. The early adopted 
systems were later standardized by the International Telecommunication Union – 
Telecommunication Standardization Sector (ITU-T) in recommendation G.694.2 
[36]. The channels in these coarse-WDM (CWDM) systems were spaced 20 nm apart 
from each other with the allocated slots typically ranging from 1271 nm to 1611 nm. 
In modern optical long-haul fiber-links the CWDM systems are superceded by the 
dense-WDM (DWDM) systems [3] where the channel spacing is more tightly 
confined around the operation bands of optical fiber-amplifiers. The channel grids in 
DWDM systems are rooted at 193.1 THz (~1552.52 nm).  The spacing between 
carriers is application dependent and is 200 GHz, 100 GHz, 50 GHz, or 25 GHz. The 
selected grid spacing controls the number of channel wavelengths that can be 
supported in a particular transmission band. For instance, using a 50 GHz grid, up to 
80 channels can be supported in the C-band (1530 – 1570 nm). 
The commonly used binary modulation schemes typically have a spectral efficiency 
of around 0.4 bit/s/Hz [37].  Thus, the theoretical maximum modulation rate, when 
using a channel spacing of for instance 100 GHz, would be 40 Gbit/s. When the 
useable optical bandwidth is fully utilized, a high channel count is used together with 
a high per-channel data-rate and minimum isolation between channels. This places 
stringent requirements on the stability and accuracy of the channel wavelengths and 
motivates the need for 1550 nm region wavelength references [P1, P3] and channel 
monitors [P2]. 
 
2.3 Erbium-doped fiber amplifier 
The invention of doped fiber amplifiers (DFA) in 1987 [38, 39] made the utilization 
of WDM technology even more attractive as now multiple wavelength channels 
could be amplified simultaneously using all-optical means and making the costly 
demux-mux and optical-electrical-optical conversions unnecessary at each required 
amplification stage. The most commonly used type of DFA is the Erbium doped fiber 
amplifier (EDFA) as it has a relatively broad gain bandwidth right at the absorption 
minimum of silica fibers around 1550 nm in the C-band [40]. The active medium of 
an EDFA is Er3+ doped single mode fiber through which the WDM signal light 
passes. Light from a pump laser at 980 nm or 1450 nm is coupled to the same fiber 
where the pump light is absorbed and the Er3+ ions are excited into the 4I13/2 state (via 
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4I11/2 if using a 980-nm pump laser). Once the excitation level is raised above 50% the 
fiber starts to amplify the WDM channels in the C-band [41]. The gain center 
location and bandwidth can be tailored to some extend by selecting an appropriate 
combination of fiber length and excitation level [42]. Doped fiber amplifiers have 
also been built for the other telecommunication bands introducing alternative dopants 
such as neodymium [43], ytterbium [44], praseodymium [45] and thulium [46].  
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3 Tunable etalon based wavelength reference 
Fabry-Perot (F-P) interferometer has been a basic building block of optical 
measurement systems since its invention in 1897 [5] and is the key component in 
papers P1, P2, P6 and P7. Therefore, the properties of solid F-P interferometers are 
discussed in detail before presenting the developed applications based on them. 
3.1 Properties of solid Fabry-Perot etalons 
A Fabry-Perot resonator consists of two reflective surfaces placed at a distance L 
from each other and the medium in between the surfaces. Typically the medium in 
optical F-P resonators is air for which the index of refraction is close to unity and thus 
the dependency on wavelength, temperature or other parameters is negligible. Fabry-
Perot etalons are solid optical components with optically transparent material 
between the reflective surfaces. The reflective surfaces used in solid etalons are 
typically dielectric quarter wave reflectors. The basic operating principle is, however, 
the same for all types of F-P resonators. 
The transmission, Tr, for a F-P resonator can be written as 
 T r =
|ET r |2
|E0 |2
fffffffff
=
1@ r2
b c2
|1@ r2 e i2kL |2
ffffffffffffffffffff
=
1
1 + 4R
1@R
` a2ffffffffffffff
f g
sin2 2piLλ
fffffffd e
fffffffffffffffffffffffffffffffffffff
 ,             (3.1) 
which is referred to as the Airy-function. The wavelengths of transmission maxima, 
i.e. resonator modes, are found by determining the wavelengths for which Tr´= 0 and 
Tr´´ < 0. This occurs when the argument of the sine-term becomes zero resulting in a 
simple and intuitive expression for F-P resonator modes, 
λm =
2L
m
fffff g
=
2nd
m
fffffff g
,                                                 (3.2) 
in which L can be substituted for nd for solid etalons. Here n denotes the index of 
refraction and d the thickness. The parameter L in Eq.  
(3.2) should be treated merely as an effective length. To accurately predict the 
wavelengths of the resonator modes, the expression should be appended to the form  
λm =
2n λ,T, I,σ
b c
d T` a+ 2Lpdb c
m
fffffffffffffffffffffffffffffffffffffffffff
H
J
I
K
,                                (3.3) 
where the following dependences and effects are taken into account with I denoting 
light intensity, σ material stress and Lpd the mirror penetration depth. Applicable 
examples will be given for the type of silicon etalon used in P1 and P2. 
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Wavelength and temperature dependency of the index of refraction 
Most materials used in optics have a wavelength dependency on their indices of 
refraction that can alter the index typically by 1-10% in the near infrared region. The 
index of refraction typically rises at an increasing rate towards shorter wavelengths 
hinting of a lattice resonance in the ultraviolet region as in Fig. 3-2. The wavelength 
dependence is often modeled by either using the Cauchy [47] or Sellmeier [48] 
equations. These equations use coefficients that usually are given for materials 
instead of refractive index lists. In addition, the refractive index typically has a 
temperature dependency for which only the first order term is found significant. The 
combined model used to characterize the refractive index of silicon in P1 and P2 is 
n s i = 3.41696 +
0.138497
λ 2@ 0.028
fffffffffffffffff+ 0.013924
λ 2@ 0.028
b c 2fffffffffffffffffffff 
          @ 2.09 A10@ 5 Aλ2 + 1.48 A10@ 7Aλ4 + T@T 0
b c dn
dT
fffff
, 
 
(3.4) 
where T0 is the normal ambient temperature of 293 K,  dn/dT is the temperature 
coefficient with a value of  1.5⋅10-4 1/K and λ denotes the wavelength given in 
micrometers. The resulting refractive index is plotted for four temperatures in Fig. 3-
2.  
 
Figure 3-2 Index of refraction of monocrystalline silicon as a function of wavelength and 
temperature.  
 
Second-order index of refraction of the resonator medium 
Kerr-effect is a phenomenon where an electric field in the material modifies the index 
of refraction of the medium. In this investigation we focus on the case where the 
electric field is provided by the light itself. This is known as the optical Kerr-effect. 
Omitting the tensor calculus of the phenomenon, we can simply state that a material 
has an index of refraction that is intensity dependent 
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 n = n0 + n2 I  .                                                         (3.5) 
For most materials, including silicon, n2 is relatively small making the optical Kerr-
effect insignificant for the typical transmission powers and intensities used in optical 
telecommunications. In the case of resonators though, the intra-resonator intensity 
can be substantially higher if the mirror reflectivity is close to unity and the resonator 
finesse is high. In the etalons used in the experiments related to publications P1 and 
P2, the mirror reflectivities were between 0.6 and 0.8. Thus the optical Kerr-effect 
can be omitted. 
Stress induced variation of the index of refraction 
Stress optic effect is a phenomenon where mechanical stress applied to a direction in 
material induces a change in the index of refraction of material. The magnitude of the 
effect is dictated by the stress optic coefficient, stress, and the medium thickness. The 
phenomenon is direction sensitive and can therefore easily create birefringence. The 
result of this effect is seen in the transmission properties of the silicon etalon used in 
publications P1 and P2. As the etalon temperature is increased significantly over the 
ambient temperature, the rectangular shape of the etalon experiences ununiform 
thermal dissipation, which results in localized thermal expansion based stress. This 
brings the transmission spectra of the two polarization axes apart from each other. For 
the silicon etalons in study, we measured wavelength shifts of up to 3 pm for 
operating temperatures larger than 100 °C. The effect is found to be at its minimum at 
around 60 °C, which was therefore chosen as the base temperature for tuning. In 
publication P6, a birefringent fiber resonator was utilized where the birefringence was 
created and tuned by applying mechanical pressure on the fiber at one direction 
normal to the fiber. Relative change in the index of refraction achieved was in the 
order of 50 ppm. 
Thermal expansion of the F-P resonator 
All material has a tendency to change dimensions, typically expand, when the 
temperature is changed. In the case of silicon this effect is a few orders of magnitude 
smaller compared to the change in the refractive index. It is, however, imperative to 
take it into account to achieve picometer-accuracy.  
Penetration depth of dielectric mirrors 
The nominal thickness of the etalons used in publications P1 and P2 is 380 µm. 
However, when quarter-wave dielectric layers are deposited on both surfaces to 
function as mirrors, the effective length of the resonator is changed. This is due to the 
fact that light is not reflected at the first boundary of silicon and silicon dioxide but 
rather at a depth known as the penetration depth. The actual reflection is naturally 
spread over the various boundaries and the reflected fields interfere producing a 
reflected wave front that effectively was reflected at the penetration depth. This 
explains why in Eq. (3.3) a term is added where the penetration depth is added twice 
to the nominal silicon thickness of the etalon. The penetration depth will be a 
function of the number of layer pairs used in the dielectric mirrors and will saturate 
quickly as the number of layers increases. However, this statement only holds when 
the thickness of the layers actually match the quarter wavelength. To further study the 
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significance of the effect, a simulation was performed using the etalon material 
parameters presented in section 3.2. The results are presented in Fig. 3-3. 
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Figure 3-3 Simulation of penetration depth of the dielectric mirrors of an etalon as a function 
of wavelength and the number of layer pairs.  
It should be noted from the simulation, that the number of layer pairs used to generate 
the mirrors is crucial in the predictability of the fringe wavelengths over a larger 
wavelength region. If the etalon reference should work at both the 1.3 µm and 1.5-1.6 
µm bands of optical telecommunication, then a maximum of three layer pairs should 
be used for the etalon mirrors. In the case of low refractive index contrast between the 
low-index and high-index dielectric layers, the penetration depth will become 
significantly larger than in the case of for example fiber Bragg gratings. 
3.2 Tunable silicon etalon as a wavelength reference 
Silicon offers a number of attractive features for which it was chosen as the material 
of the etalon used in the work described in papers P1 and P2 [49, 50]. The fabrication 
techniques and optical properties of silicon are very well known due to the advances 
in semiconductor technology and research in opto-electronics. The matured 
fabrication technology of silicon guarantees precision and repeatability in fabrication 
and most interestingly silicon can be considered optically transparent for wavelengths 
longer than 1.1 µm deep into the far infrared range [51]. 
The developed etalon chip was fabricated of a double-side polished silicon wafer with 
a nominal thickness of 380 µm. This is a standard thickness for a 3-inch silicon 
wafer. Dielectric quarter-wavelength mirrors were deposited on both sides of the 
wafer to create a high finesse resonator. Three pairs of SiO2 and Si3N4 layers were 
deposited on both sides using chemical vapor deposition (CVD) processes. The 
indices of refraction for these layer materials are 1.45 and 2.00, respectively, in the 
1.55-µm region [52]. The final layer structure of the etalon is presented in Fig. 3-4. 
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Figure 3-4 Layer structure of the silicon etalon. Three layer pairs of silicon dioxide and 
silicon nitride are used on both sides of the silicon substrate as quarter wave 
mirrors. The direction of light is indicated by with an arrow. 
Two resistors are deposited on the surface of the etalon for heating and temperature 
sensing. Using accurate digital control combined with fast analog feedback loop, the 
temperature of the etalon can be tuned in 300 µK steps corresponding to around 200 
fm steps in the transmission spectrum of the etalon fringes in the 1550 nm range. 
Three evolutions of the solid etalon were designed. The first version relied on the 
silicon-air boundary alone to act as a resonator mirror [49], the second version was 
designed with the quarter-wave mirrors as presented [50, 53, 54] and the third version 
was an attempt to further miniaturize and improve the design parameters. These two 
latter versions are presented in Fig. 3-5.  
 
A) B) 
 
 
Figure 3-5 a) The second evolutionary version of the temperature tunable solid silicon 
etalon as used in publications P1 and P2. 
b) The third generation etalon has improved mirrors that are better 
matched to a quarter of a wavelength at 1.55 µm. The diameter of the 
center spot was reduced to 1 mm from the previous ~4 mm. 
 
 12 
Careful attention was placed on the design of the control electronics controlling the 
etalon temperature. The result was an enclosed device that connects to a parallel 
interface of a computer. Subsequently, control software was written with the sole 
purpose of taking a target wavelength as an input parameter and calculate and set a 
needed etalon temperature to position one of the transmission fringes accurately on 
the wavelength. This secondary reference artifact was calibrated to a transmission 
line of 13C2H2 and, subsequently, measured against other transmission lines of 
acetylene using beat frequency detection to measure the error. The largest absolute 
wavelength errors recorded were on the order of  ~1 pm.  
 
3.3 Active WDM channel monitoring 
The fast and precise tunability of the developed silicon etalon make its adaptation for 
wavelength monitoring an attractive possibility. With a sub-picometer scanning 
resolution and a wavelength sweeping-rate of 0.2-2 nm/s, the device is readily 
capable of performing wavelength measurement of laser lines with high accuracy. 
The operating principle would be the measurement of transmitted signal while the 
etalon fringe is swept over the laser line. Since the FSR of the etalon is relatively 
small, an approximate initial guess of the wavelength to be measured should be made 
with accuracy better than FSR/2 in order to know which of the etalon fringes is 
actually performing the sweep of the laser line. Assuming that the etalon bandwidth is 
considerably broader than the laser line, modulated or CW, a single sweep should 
produce a waveform identical to the fringe shape of the etalon. Even if the modulated 
laser line would be broad in comparison to the fringe, the resulting signal would at 
least be symmetrical around the peak wavelength, which alone would be sufficient 
for the accurate determination of the laser center wavelength. The signal of a 
performed sweep over a laser line is presented in Fig. 3-6. A detection threshold level 
is set to 5 dB below the peak value and a second order polynomial fit is performed for 
the points above the level. From the resulting parable the peak power and wavelength 
can be easily deducted. Directly measuring single lines, the absolute wavelength 
accuracy of the etalon reference artifact [P1] is directly applicable with no 
measurable added uncertainty or error. A relative wavelength accuracy of as small as 
~10 fm was measured. The presented scheme will potentially not be directly 
applicable for modulation and transmission techniques such as carrier suppressed and 
single side-band transmission systems as they do not have a clear carrier wavelength 
with symmetrical sidebands. 
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Figure 3-6 Resulting signal of the tunable silicon etalon scanning over a laser line in small 
increments. By performing a quadratic fit to the peak area, the center wavelength 
can be deducted with a resolution of ~10 fm. 
 
The direct measurement of the transmitted light, as previously presented, will only 
work when a single laser line is to be measured. In the presence of several lines, they 
will most probably coincide with multiple fringes of the etalon at some point of the 
scan and result in superimposed results that can not be distinguished from each other. 
To overcome this, the utilization of weak individual pilot tones was suggested and 
successfully demonstrated [P2]. The proposed scheme involves a novel filtering 
algorithm that facilitates the computation at each discrete etalon scanning point. For 
each WDM channel to be scanned, and for each scanning point, the data carrying 
gigahertz-range frequencies are filtered out at the receiver and only the multiplex of 
the kHz-range pilot tones is preserved. Subsequently, this signal is converted from 
analog to digital, utilizing a sampling frequency exactly four times greater than the 
tone to be measured. The principle of this sampling scheme is illustrated in Fig. 3-7. 
The sampling is conducted in such a way that every fourth sample is always summed 
together, i.e., the 1st, 5th, 9th, etc. samples are added to Σa, the 2nd, 6th, 10th, etc. to 
Σb, and so on. This results in four sums Σa, Σb, Σc, and Σd of which the peak-to-peak 
tone amplitude can be calculated as 
 V pp =
4
n
ff Σa@Σcb c2 + Σb@Σdb c2s
wwwwwwwwwwwwwwwwwwwwwwwwwwwww
,                                         3.6 
where n is the total number of samples. The number of sampled periods should be 
chosen to be at least hundreds of tone periods, but small enough so that transmitter 
and receiver clocks for the pilot tone generation and sampling should not differ by 
more than ~pi/4 in phase over the entire time of the sampling. Because calculating a 
sum is perhaps the easiest mathematical function that a processor can perform, this 
form of digital filtering will put minimal hardware requirements for the receiver 
hardware [55, 56].  
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Figure 3-7 Principle of the tone frequency sampling system utilized in the WDM monitoring 
scheme presented in P2.  
The proposed wavelength and power-level monitoring scheme was trial tested jointly 
with VTT in a four-channel WDM testbed. Absolute accuracies of better than 5 pm 
and 0.1 dB were reported for the channel wavelength and power level [56]. The 
performance of the proposed system with a higher number of channels was studied 
through simulation and the results are presented in P2. 
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4 Gas-filled photonic-bandgap fibers as wavelength 
references 
Absorption lines of various atomic and molecular species have been used for 
wavelength references already for nearly two centuries because of their stable and 
absolute nature [4]. Gases such as acetylene, methane, and carbon dioxide exhibiting 
rotational-vibrational absorption lines in the near-infrared region have been used for 
referencing and calibrating fiber-optic measurement equipment from the beginning of 
fiber-optic telecommunication technology. In our work, acetylene was widely used as 
a benchmark for wavelength accuracy [P1], for gas sensing experiments using PBF 
[P4] and for realization of sealed PBF-based wavelength references for WDM 
technology [P3]. In the following, the properties of acetylene and the benefits of 
using it in conjunction with fiber-based references are discussed. 
4.1 Gas spectroscopy of acetylene 
The energies of vibrational modes of a wide range of molecules, expressed as photon 
frequency, lie in the mid infrared region of spectrum. This results in the near infrared 
(NIR) absorption typically to originate from vibrational overtone or combination 
modes. Furthermore, when a vibrational overtone or combination mode is associated 
through selection rules with the allowed rotational modes, an absorption band is 
created. Due to the many possible combinations of vibrational rotational energies, the 
absorption bands easily become numerous and very complicated. They typically 
consist of hundreds of absorption lines solely in the NIR region of the absorption 
spectrum. To keep the complexity to a minimum, symmetrical molecules with only 
few atoms are generally preferred. A few interesting molecules for referencing the 
wavelength range used by optical WDM technology in the NIR are presented in Fig. 
4-1. One of the most attractive molecules to use is acetylene (C2H2). 
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Figure 4-1 Commonly used gas species having absorption bands in the usable WDM 
transmission range. 
Acetylene is a linear four-atomic molecule with thus 3N-5 = 7 normal modes of 
vibration. These vibrational modes and their notation are presented in Table 4-1. 
Modes ν1, ν2 and ν3 are stretching vibrations along the molecule axis, whereas 
ν4 and ν5 are bending modes with two possible planes of vibration caused by the two-
fold symmetry of the acetylene molecule. The most widely used WDM reference 
band is the ν1 + ν3 combination band for both 12C2H2 and 13C2H2. The structure of 
this absorption band is presented in Fig. 4-2.  
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Table 4-1 Vibrational modes of acetylene. Seven degrees of freedom can be distinguished for 
a linear molecule with four atoms. Note that the modes ν4 and ν5 have two possible 
planes of vibration. The energy levels are only approximate as they differ slightly 
from band to band. The energy is given in 1/cm to facilitate the calculation of the 
wavenumber corresponding to an absorption band. 
 
Vibration mode Denotation Energy 
[1/cm] 
Description 
 
ν1 ~3370 Symmetrical CH stretch 
 
ν2 ~1970 CC stretch 
 
ν3 ~3280 Asymmetrical CH stretch 
 
ν4 ~610 Symmetrical CH bend 
 
ν5 ~760 Asymmetrical CH bend 
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Figure 4-2 Absorption lines of 13C2H2 measured for a conventional 14 cm long gas cell.  
Fluctuations in the background level are caused by accidental etalons. 
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The acetylene molecule consists of two carbon and two hydrogen atoms, both of 
these having multiple stable isotopes. Carbon has two stable isotopes, 12C and 13C, 
their natural abundances being 98.93% and 1.07%, respectively [57]. Since each 
acetylene molecule has two carbon atoms, three variations of acetylene can be 
distinguished as far as carbon isotopes are concerned, 12C2H2, 12C13CH2 and 13C2H2 
with natural abundances of 97.87%, 2.18% and 0.011%, respectively. Despite the low 
natural probability of existence, 13C2H2 can be isolated and it is widely used as a 
primary wavelength reference because its absorption band is closer to 1.55 µm than 
the one of its lighter 12C2H2 version [58]. Hydrogen also has two stable isotopes 1H 
and 2H, where the latter is more widely known as deuterium and often denoted by D. 
However, the abundance of deuterium on Earth is only 0.015% making the presence 
of C2HD and C2D2 acetylene rare in nature. However, their absorption spectra are 
well examined and documented [59-62]. Especially C2HD is commonly used as a 
wavelength reference in the 1064 nm region. 
Similar to all other gas absorption lines, acetylene lines suffer from pressure-induced 
self-broadening. Consequently, pressures below ~100 mbar are preferred to keep the 
measurement resolution at a high level to assure that weaker lines will not disappear 
in to close lying stronger lines. The absorption lines have an approximate line 
dependent pressure broadening of up to 10 MHz/mbar [63]. However, pressure shifts 
put a more stringent requirement on the maximum allowed pressure level if high 
accuracy is required. In the ν1 + ν3 bands of acetylene, pressure shift offsets up to 0.6 
MHz/mbar and 0.3 MHz/mbar have been reported for the R- and P-branches, 
respectively [63, 64]. 
 
4.2 Realized photonic bandgap fiber references 
Photonic bandgap fibers guide light by the bandgap effect, rather than by the 
conventional total internal reflection mechanism. The core is typically made by 
removing 7 or 19 of the capillaries from the center of the fiber leaving the core to be 
of nothing more than air. This in turn makes a large part of the light intensity in the 
fiber propagate in air rather than in silica. Up to 98% of the power has been reported 
to be carried in the air regions of a PBF [65, 66]. Microscope images of the utilized 
PBFs are presented in Fig. 4-3. 
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A) B) 
 
 
 
Figure 4-3 a) A photograph of the cross section of the PBF used in P4. The cladding is 
fabricated from hollow capillaries and the core by removing seven of the 
capillaries.  1510-1570 nm 
b) A photograph of the central part of the cross section of the PBF used in P3. 
This is an earlier version of AIR-10-1550 by Crystal Fibre A/S having a broader 
transmission bandwidth from 1400 to 1600 nm. 
 
A setup for evacuating, filling and sealing the PBF was built around a brass cylinder 
as shown in Fig. 4-4b. The PBF was readily spliced to a SMF that was either coiled 
inside the chamber or taken out from the middle of the end facet for live 
measurement. The open end of the PBF was butt coupled to a multimode fiber on a v-
groove in the center of the chamber. A vacuum line was connected to the side of the 
chamber for the evacuation of air from inside the chamber and the fiber capillaries. A 
second vacuum line was connected to the other side of the chamber for filling the 
chamber to a desired pressure. A pressure gauge was connected to this vacuum line 
for registering and monitoring the chamber pressure. After filling the chamber with 
gas, a few minutes was waited for the gas concentration to equalize through the 
length of the capillaries. The absorption characteristics of a single line were usually 
monitored while filling to see when full absorption strength was achieved. 
After a successful filling and a preliminary measurement, the filled fiber is sealed. 
The chamber has an applicator needle for adhesive mounted directly on top of the 
butt coupling with a valve right outside the chamber. A drop of UV-curable index-
matching adhesive was dropped between the fiber ends and cured using a solid UV 
guiding rod and an external UV-source. The sealing setup is presented in Fig. 4-4a. 
At room temperature the UV-adhesive has a boiling pressure of ~10 mbar when lit by 
the UV. For sub 10 mbar filling, this forced us to first apply the drop, then rapidly 
raise the pressure above 10 mbar and only then activate the UV. This pressure 
increase resulted in that the adhesive was pushed a short distance in to the capillaries 
slightly increasing the loss of the final coupling. The attenuation typically increased 
by 2-4 dB in the application and curing stages of the adhesive.    
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Figure 4-4 a) A schematic picture of the gas filling setup. The PBF is placed on the 
right and is aligned with the conventional fiber on the left.  A small gap is 
left between the fiber facets for the gas flow. On top is the sealant 
application needle.  A UV-guide is at the left to cure the sealant. 
b) The chamber (built by DFM in Denmark) in to which the filling and 
sealing setup was assembled. 
 
The performance of a filled PBF-cell was compared with a traditional absorption cell. 
The length was 1 m for both reference artifacts and the pressure was chosen to be set 
to 10 mbar. The gas was standard grade acetylene with 98% 12C2H2. The effective 
free space length of the fiber-cell was calculated from the results to be 78±5 cm. This 
is slightly less than the fraction of light propagating in the air and is most probably 
caused by imperfect evacuation of the air or error in final filling pressure. The results 
are presented in Fig. 4-5. In the trace of the PBF reference the background line has 
large fluctuations the source of which remains uncertain. These fluctuations were 
typical for the early type AIR-10-1550 and the problem was greatly diminished in the 
later type. 
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Figure 4-5 The absorption spectra of the P-branch of acetylene near 1530 nm at 10 mbar: 
a) in a 1 m long PBF (AIR 10-1550 from Crystal Fibre A/S) 
b) in a 1 m long absorption cell measured at DFM in Denmark 
 
Usually, moderately low pressures of less than ~50 mbar are desired to avoid the 
excess pressure broadening and pressure shift of the absorption lines which are 
unwanted for reference artifacts. Thus for weakly absorbing bands, it is desirable to 
increase the interaction length between light and gas to obtain a sufficient signal 
level. In case of a fiber-based reference, the length is not an issue as the light is 
guided and practically any desired length can be coiled into a matchbox size 
enclosure. This benefit gives much more freedom in first choosing the desired 
pressure for resolution and secondly the optimum fiber length for desired absorption 
strength for the given application.  
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5 All-optical switching using liquid crystal filled photonic 
crystal fibers 
5.1 Properties of liquid crystals 
First scientific reports of the existence of liquid crystals (LC), a material halfway 
solid and liquid, date back to the late 19th century when cholesterol and related 
organic substances were studied [67, 68]. It was noticed that when cholesteryl 
benzoate is heated, it first melts to an opaque liquid at 145 °C and later becomes a 
clear liquid at 178 °C clearly indicating that changes in the material are possible 
within the liquid phase. The different LC phases between the solid phase and 
isotropic liquid phase are referred to as mesophases, which are thermodynamic 
phases with physical properties between those of pure liquids and pure solids. The 
liquid crystals were considered as merely a curiosity for nearly a century before the 
first practical liquid crystal displays were built in 1967 [69]. 
Liquid crystals are a class of fluids that have a number of different mesophases with 
varying levels of molecular order. With increasing temperature, the LC can go 
through several ordered mesophases until it reaches the isotropic mesophase where 
all positional and orientational order is lost as illustrated in Fig. 5-1. Single LC-
molecules typically are highly birefringent making the index of refraction of the 
entire substance anisotropic for mesophases that have a degree of orientational order, 
e.g. the nematic mesophase. Most applications are based on LCs that have their 
nematic mesophase at room temperature [70]. The orientation of the nematic LC 
molecules is affected not only by the confining space and surface preparation, but can 
also be controlled by using external influence such as electric and magnetic fields. 
 
IsotropicNematicSmectic-A
Temperature
 
Figure 5-1 Liquid crystal order and orientation in the smectic-A, nematic and isotropic liquid 
crystal mesophases. 
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5.2 Liquid crystal based fiber-optic switch 
Since the invention of photonic-crystal fibers, researchers have toyed with the idea of 
infiltrating the air capillaries with optically active materials such as gases [71], index-
matching oils, or fluorescent dyes [72]. Various devices have been proposed making 
use of LC infiltrated PCFs, with optical switches being one interesting group of such 
devices. 
Optical switching based on a liquid-filled PCF was first demonstrated by Eggleton et 
al. [73]. The device consists of a silica-core PCF with a tapered section and moveable 
oil plugs in the cladding holes. When the oil plugs where positioned in the tapered 
section, the fiber loses its guiding properties. Later LC was infiltrated in a PBF 
whereby modifying it into an index-guiding fiber. The transmission of the generated 
fiber was controlled by an external electric field. At the operating wavelength of 633 
nm, the transmission was attenuated by 30 dB with a 60 V alternating control voltage 
[16]. This kind of device was presented in 2003 [17, 74]. Switching action was based 
on temperature tuning utilizing the smectic-A to nematic mesophase transition. An 
extinction ratio of 60 dB was achieved as the nematic mesophase was scattering for 
all wavelengths measured.   
By doping the nematic LC with a dye Alkeskjold et al. realized an optically tunable 
device [14]. The ~3 mW control pulses were absorbed by the dye modifying the 
index of refraction of the LC resulting in a shift of the transmission bandgap. By 
positioning a signal laser at the bandgap edge, up to 2 kHz modulation was achieved. 
In 2004 Nguyen et al. demonstrated that the microstructure of PCFs can be used as 
thermally controlled optical switch where light is transmitted along the radial 
direction through the fiber cross-section [15, 75, 76]. The operation was based on 
moving fluid plugs in the capillaries to the position of the transverse light 
transmission.  
In our work, we explored the possibility of combining LC-filled PCF, optical switch 
actuation, and transverse fiber geometry [P5]. Light was coupled from a standard 
single-mode fiber to the side and through of a LC-filled PCF and back to a standard 
fiber again as illustrated in Fig. 5-2. 
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Figure 5-2 Geometry of the explored LC-filled PCF based switch design. Signal light is 
transmitted transversally through the PCF while light guided along the PCF is 
used to actuate the switch through nematic to isotropic mesophase transition. 
 
The distances of the fibers were tuned for the PCF to act as a lens to couple as much 
of the signal light back again in to the fiber. The temperature of the LC-filled fiber 
was tuned just below the nematic to isotropic mesophase transition temperature. To 
actuate the switch, 1550 nm light pulses are guided along the LC-filled PCF and are 
partly absorbed by the LC and its temperature is raised taking the LC to its isotropic 
mesophase. In the isotropic state, the refractive index of the LC approximately 
matches the one of the lead silicate fiber material minimizing the transverse 
transmission losses. In the nematic state, both the LC itself and the LC-filled fiber 
microstructure become highly scattering giving an extinction ratio from 9 to 26 dB. 
The advantage of the explored switch design is the possibility to use ~1550 nm 
control light wavelength to actuate ~1550 nm signals with extreme isolation [77]. The 
required actuation power levels of 10 mW could greatly be reduced by using a dye-
doped LC. 
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6 All-optical multi-channel clock recovery 
The use of a clock signal is a fundamental feature of virtually all telecommunication, 
especially digital. Many older electric data transmission standards rely on a separate 
channel for the clock signal that dictates when the data signal should be sampled and 
read. In a similar way, sacrificing one channel wavelength for a clock signal in 
optical WDM systems would be limited to relatively short distances, as dispersion 
would shift the clock and data channels in time relative to each other. Therefore the 
clock signal is extracted from the data bit-stream itself in optical telecommunication 
systems. This function is commonly referred to as clock recovery. 
In optical communication systems of today, the clock recovery process is performed 
in the electric domain after the optical signal is detected and amplified. A more 
modern alternative for the electric clock recovery is all-optical clock recovery. All-
optical means for clock recovery have three interesting benefits over the electric 
domain process. Firstly, electric CR directly results in the fact that the clock recovery 
must be performed individually for each WDM channel. Optical CR, however, 
possesses the possibility to recover the clock signal for each channel directly from the 
WDM stream using one single optical component. Secondly, this optical component 
can be a passive device resulting in a simplified and potentially more efficient 
system. Thirdly, electric processing for data-rates exceeding 40 Gb/s is proving 
cumbersome. Instead, CR with passive optical components can become easier to 
perform the larger the data-rate is. In papers P6 and P7, we show two examples of all-
optical CR using a F-P resonator in which the three potential benefits are realized. 
6.1 All-optical clock recovery with Fabry-Perot resonators 
Using F-P resonators for optical CR is not a completely new innovation in its 
simplest form where the bit-rate and resonator FSR are made to match [19]. This 
results in the carrier frequency and the modulation sidebands to match resonator 
fringes. When the photon lifetime of the resonator is significantly greater than the 
length of one single bit, these frequencies can be regarded as CW lines once they pass 
the resonator. Furthermore, having two or more CW lines at equidistant spacing will 
result in a low frequency beat signal at a frequency identical to the frequency 
difference of these lines. 
The tuning of a F-P resonator, as described above, can be tricky because two critical 
requirements must be satisfied simultaneously. First, the position of one fringe must 
match the carrier frequency of the WDM channel. Secondly, the FSR needs to 
accurately match the bit-rate. The tuning is difficult, due to the fact that only one 
parameter, the effective length, can be adjusted in the F-P resonator to match two 
requirements. Therefore in practice, the WDM channel frequency must be fine-tuned 
to suit the clock recovery resonator. This may be satisfactory at research level, but 
such backwards tuning will not be accepted by the telecom market or standardizing 
bodies. The situation becomes more complicated for the clock recovery of multiple 
channels. For a standard F-P resonator CR setup to handle multiple channels, a third 
requirement must be satisfied by the resonator effective length. This requires that the 
channel spacing is an integer multiple of the resonator FSR. The chances of 
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succeeding in tuning such a system even in a laboratory to continuously operate for 
more than a few microseconds are slim. 
To illustrate the nature of resonator based clock recovery, the signals for the data and 
clock recovery is presented in Fig. 5-1. Each 1-bit is a pulse of light that brings new 
energy to the resonator and thus strengthens the clock signal. For each 0-bit, energy is 
only leaked out at a rate depending of the photon lifetime of the resonator making the 
pulses weaker after successive zeros. The clock signal decay at the end of the data 
packet and the first clock pulse will appear when the first 1-bit is received. Therefore, 
no clock will be generated for any possible leading zeros in the packet. To overcome 
this, many transmission systems either use a preamble at the beginning of a packet or 
the channel is coded so that no digital silence is allowed. In a similar way, the ratio of 
´1´ and ´0´ bits is usually coded to be close to unity. 
a)
b)
 
Figure 5-1 A simulated example of a) 100-bit packet of RZ-coded data and, b) its clock 
recovery signal. 
It is imperative that the data-stream is return to zero (RZ) coded like the random bit 
sequence presented in Fig. 5-1. The spectrum of RZ-coded random data has strong 
sidebands separated by the bit-rate from the carrier frequency. These narrow 
sidebands do not appear in the non return to zero (NRZ) coded signal spectrum and 
NRZ can therefore not be used for F-P resonator based CR. These sidebands, together 
with the carrier frequency, are the spectral lines that are filtered by the F-P resonator 
and beating together to create the clock signal. The difference in spectra between RZ 
and NRZ coded signals is presented in Fig. 5-2. The simulations in Fig. 5-2 were 
conducted using square-pulsed data and therefore show multiple harmonics. This 
represents a case of no frequency mask and is for illustrative purposes only. In 
practice, the spectra of binary telecommunication signals are tried to be kept as 
narrow as possible without losing information. This also enables narrow channel 
spacing for all systems, including DWDM systems.  
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Figure 5-2 Comparison of the channel spectra relative to the carrier frequency of two PRBS 
with one channel using return-to-zero modulation and the other non-return-to-
zero modulation scheme. One should notice the presence of the strong spectral 
components of the RZ-modulation at the bit-rate and its odd harmonics. 
 
Publication P7 presents a possible realization of a resonator-based multi-channel CR. 
In the work, a F-P resonator is tuned in such a manner that the sideband of the RZ 
modulation sideband of a WDM channels coincides with one of the resonator fringes. 
Subsequently, the signal is coupled together with an unmodulated original channel 
carrier frequency. This can be coupled, filtered and amplified from the transmitted 
optical signal or completely generated at the receiver end of the system. Once these 
two signals are coupled together, the beat signal will emerge. In the demonstration in 
P7, the unmodulated carrier signals were simply branched from the transmitter before 
the external modulators. This method would naturally be unrealistic in true long haul 
transmission systems.    
The feasibility of creating an accurate enough copy of the carrier frequency at the 
receiver can be questionable without novel innovations. However, the system is 
directly scalable to recover the clock signals from multiple wavelength channels with 
a single F-P resonator, which makes the system interesting despite the unsolved 
shortcoming. One promising innovation to resolve the issue is the implementation of 
a birefringent resonator [P6]. 
6.2 Advantages of birefringent resonators in clock recovery 
In the work presented in P6, a solution is offered to both the trilemma of tuning the 
resonator effective length to satisfy the requirements of multichannel CR and to the 
realization of the unmodulated carrier frequencies at the receiver. The proposed 
modification to the setup described in P7 is the use of a birefringent F-P resonator. 
The resonator used in the experiment was a piece of single mode fiber with dielectric 
mirrors deposited on the end facets of the fiber. Mechanical pressure was applied to 
 28 
the side of the fiber leading to the creation of a slow axis in the direction of the force 
and fast axis perpendicular to the slow axis. A fiber with deliberately built-in 
birefringence, realized with stress-applying regions or an elliptical core, would have 
been an alternative option. Incident light is launched to the resonator preferably at an 
angle of 45° relative to the two axes as illustrated in Fig. 5-3.  At the output of the 
resonator, a polarizer can be utilized to make sure light from both axes is collected. 
Y
X
PolarizerBirefringent
resonator
Incident beam
 
Figure 5-3 Incident light is launched in to the resonator at an angle so that both polarization 
modes, X and Y, are excited. At the output of the resonator, light from both 
polarization modes are selected to achieve a clock beat signal.  
 
To tune the birefringent resonator for multichannel CR, the birefringence, as in the 
separation of the two polarization modes, is modified to match the bit-rate of the 
channels. The resonator length on the other hand is chosen so that the FSR, or its 
integer multiple, matches the channel spacing. A simulation of a channel signal 
before and after being processed by the birefringent resonator is presented in Fig. 5-4. 
Only two dominant spectral features remain after the signal has passed the resonator. 
These spectral lines will create a low frequency beat signal at precisely the clock 
frequency. 
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Figure 5-4 The simulated spectrum of RZ PRBS modulation (a) is launched in to a 
birefringent resonator where the incident light is divided between the two 
polarization modes of the F-P resonator (b). At the output, majority of the 
spectral components are attenuated for except two spectral components (c) that 
form a beat signal at the clock frequency.   
 
The feasibility of the proposed CR scheme was demonstrated by simultaneously 
recovering the clock signal from a multiplex of 20 WDM channels operating at 10 
Gb/s each [P6]. 
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7 Summary 
 
This thesis explored novel optical methods and devices designed for the wavelength 
division multiplexed optical transmission systems of tomorrow. The presented 
devices were based on Fabry-Perot resonators and photonic crystal fibers. The 
common goal of the various device concepts was to achieve good performance with 
new, simple and cost-effective solutions.    
A solid silicon based wavelength reference for the fiber-optic telecommunication 
wavelength region was designed and its performance was characterized. The silicon 
resonators were fabricated by VTT and comprised of dielectric mirrors and thin film 
resistors deposited on the surface of a double side polished silicon wafer chip. The 
concentric heating and sensing resistors together with the high-resolution temperature 
tuning circuitry provided means to rapidly tune and stabilize the transmission of the 
artifact with femtometer-scale resolution. The device was calibrated using molecular 
absorption lines of acetylene resulting in an achievable absolute accuracy of around 1 
pm across the whole wavelength range used for long-haul optical 
telecommunications. Later, we took the device further in publication [P2] by 
combining it with a patented sampling scheme [55] to monitor both the wavelengths 
and power levels of DWDM transmission channels directly from the optical 
multiplex [56]. 
We successfully demonstrated the gas-filling of PBFs and proved their potential to 
function as gas sensors [P4] or wavelength reference artifacts [P3]. We were the first 
to explore the available gases for referencing the ITU-T recommended DWDM 
channel wavelengths using gas-filled PBFs and presented measurement results of 
realized reference fibers [78]. The performance of the references was compared with 
the performance of traditional absorption cells of equal length and pressure. The 
motivation for such reference fibers came from the possibility to use a long 
interaction length for added sensitivity combined with a low gas pressure for 
improved resolution. Also, the devices are naturally readily all-fiber devices and are 
therefore easily integrated to other existing fiber optic systems.  
A realized all-optical switch based on a LC-filled PBF was presented in publication 
[P5]. The device made use of a transverse aligning geometry that enables the use of 
1.55 µm region signals to optically control 1.55 µm region channels with no 
measurable crosstalk. 
We presented new means to extract the clock signals all-optically with a single 
passive device directly from the DWDM multiplex signal [P6, P7]. The method was 
based on a high finesse fiber resonator made from standard single-mode fiber and 
with the pressure-induced birefringence tuned to the modulation frequency of the 
channel bit-rate. This generated a beat signal that was equal in frequency with the 
original data clock. 
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